Acetylcholinesterase inhibitors are commonly used to treat patients with dementia with Lewy bodies. Hippocampal atrophy on magnetic resonance imaging and amyloid-b load on positron emission tomography are associated with the Alzheimer's disease-related pathology in patients with dementia with Lewy bodies. To date, few studies have investigated imaging markers that predict treatment response in patients with dementia with Lewy bodies. Our objective was to determine whether imaging markers of Alzheimer's disease-related pathology such as hippocampal volume, brain amyloid-b load on 11 C Pittsburgh compound B positron emission tomography predict treatment response to acetylcholinesterase inhibitors in patients with dementia with Lewy bodies. We performed a retrospective analysis on consecutive treatment-naive patients with dementia with Lewy bodies (n = 54) from the Mayo Clinic Alzheimer's Disease Research Centre who subsequently received acetylcholinesterase inhibitors and underwent magnetic resonance imaging with hippocampal volumetry. Baseline and follow-up assessments were obtained with the Mattis Dementia Rating Scale. Subjects were divided into three groups (reliable improvement, stable or reliable decline) using Dementia Rating Scale reliable change indices determined previously. Associations between hippocampal volumes and treatment response were tested with analysis of covariance adjusting for baseline Dementia Rating Scale, age, gender, magnetic resonance field strength and Dementia Rating Scale interval. Seven subjects underwent 11 C Pittsburgh compound B imaging within 12 weeks of magnetic resonance imaging. Global cortical 11 C Pittsburgh compound B retention (scaled to cerebellar retention) was calculated in these patients. Using a conservative psychometric method of assessing treatment response, there were 12 patients with reliable decline, 29 stable cases and 13 patients with reliable improvement. The improvers had significantly larger hippocampi than those that declined (P = 0.02) and the stable (P = 0.04) group. An exploratory analysis demonstrated larger grey matter volumes in the temporal and parietal lobes in improvers compared with those who declined (P 5 0.05). The two patients who had a positive 11 C Pittsburgh compound B positron emission tomography scan declined and those who had a negative 11 C Pittsburgh compound B positron emission tomography scan improved or were stable after treatment. Patients with dementia with Lewy bodies who do not have the imaging features of coexistent Alzheimer's disease-related pathology are more likely to cognitively improve with acetylcholinesterase inhibitor treatment.
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Introduction
Dementia with Lewy bodies (DLB) is the second most common cause of degenerative dementia after Alzheimer's disease. DLB is characterized by a progressive cognitive decline with deficits in attention/executive, and visuospatial ability associated with fluctuations, visual hallucinations and parkinsonism. Other characteristic features include rapid eye movement sleep behaviour disorder and sensitivity to antipsychotics (McKeith et al., 2005; Ferman et al., 2011) . Many patients with DLB have coexistent Alzheimer's disease pathology (Galasko et al., 1994; Gomez-Isla et al., 1999; Schneider et al., 2007) . The overlap of the two pathologies is further demonstrated in imaging studies. For example, 11 C Pittsburgh compound B (PiB) binding is often present in subjects with DLB consistent with presence of amyloid-b deposition (Edison et al., 2008; Maetzler et al., 2009; Foster et al., 2010; Kantarci et al., 2011 . Clinically diagnosed patients with DLB on average have larger hippocampal volumes than patients with Alzheimer's disease (Whitwell et al., 2007; Firbank et al., 2010; Kantarci et al., 2011) , and hippocampal atrophy on MRI distinguishes patients with pathologically confirmed DLB and Alzheimer's disease (Burton et al., 2009) . Furthermore, hippocampal atrophy on MRI is associated with the neurofibrillary tangle pathology of Alzheimer's disease in patients with Lewy body-related pathology . Both DLB and Alzheimer's disease are frequently treated with acetylcholinesterase inhibitors to improve cognitive function.
Similarly, both disorders demonstrate loss of cholinergic neurons in the nucleus basalis of Meynert, but the loss appears to occur earlier in DLB and is far greater than in Alzheimer's disease (Whitehouse et al., 1982; Forstl et al., 1993; Perry et al., 1993 Perry et al., , 1994 Tiraboschi et al., 2002) . Thus, patients with DLB would be expected to respond better to acetylcholinesterase inhibitors than Alzheimer's disease (McKeith et al., 2000) . This raises the possibility that neuroimaging markers of Alzheimer's disease-related pathology in patients with DLB may predict response to acetylcholinesterase inhibitor treatment.
Our objective was to determine whether imaging markers of Alzheimer's disease-related pathology such as hippocampal atrophy and brain amyloid-b load on PiB PET are associated with cognitive treatment response to acetylcholinesterase inhibitors in patients with DLB. We hypothesized that patients who respond to acetylcholinesterase inhibitors would have larger hippocampal volumes and be less likely to have PiB uptake on PET. We assessed treatment response based on reliable change scores in the Mattis Dementia Rating Scale (DRS) during $1 year of treatment with acetylcholinesterase inhibitors. Finally, we performed an exploratory analysis to demonstrate the topographic differences in grey matter volume among treatment response groups.
Materials and methods

Subjects
We performed a retrospective analysis on consecutive treatment-naive patients with DLB (n = 54) from the Mayo Clinic Alzheimer Disease Research Centre. Individuals participating in the Mayo Clinic Alzheimer Disease Research Centre undergo approximately annual clinical examinations, MRI, routine laboratory tests and neuropsychological evaluation. A consensus committee meeting is held annually involving behavioural neurologists, neuropsychologists and nurses to assign a clinical diagnosis. All 54 patients in this study eventually received a consensus clinical diagnosis of probable DLB based on published criteria (McKeith et al., 2005) .
We included patients with probable DLB who underwent neuropsychological assessment with the DRS (Jurica et al., 2001) before and after treatment with acetylcholinesterase inhibitors. The DRS is a brief test of global cognition that yields a maximum score of 144 points based on performance in five subtests. Our group has extensive experience with the DRS and developed normative data as part of Mayo's Older Americans Normative Studies (Lucas et al., 1998) . All patients with DLB had MRI within 2 years of treatment. Seven of the patients with DLB also underwent PiB PET imaging within a week of the MRI, with the exception of one subject who underwent PET 16 weeks after the MRI scan. Exclusion criteria were as follows: patients with DLB who were on cholinesterase inhibitors prior to undergoing DRS testing, patients with DLB who did not receive or were intolerant of acetylcholinesterase inhibitors and patients with DLB who did not participate in the MRI study.
Mattis dementia rating scale reliable change
We used published criteria for normative rates of change on the DRS (Pedraza et al., 2007) to determine reliable change. The reliable change index was generated using Mayo's Older Americans Normative Studies data (Ivnik et al., 1992; Lucas et al., 1998) . Reliable change indices take into account measurement error and practice effect to estimate whether an individual's performance over time represents reliable improvement or decline versus intra-individual chance fluctuation (Pedraza et al., 2007) . Patients were divided into three groups based on their reliable DRS change scores: reliable improvement, stability or reliable decline. Reliable improvement was defined as an increase of at least nine DRS points for a test-retest interval 515 months and an increase of at least 10 points for a testretest interval 415 months. Reliable decline was defined as a decrease of at least six DRS points for a test-retest interval 515 months and a decrease of at least seven points for a test-retest interval 415 months. Stability was defined as any DRS change that did not exceed these reliable change index cut-off values.
Magnetic resonance imaging
MRI examinations were performed at 1.5 or 3 T (GE Healthcare). At 1.5 T, a 3D high-resolution spoiled gradient recalled acquisition with repetition time/echo time/inversion time = 7/3/900 ms; flip angle 8 ;
in plane resolution of 1.0 mm and a slice thickness of 1.2 mm was performed for the automated segmentation of hippocampal volumes. At 3 T, a 3D high-resolution MPRAGE acquisition with repetition time/ echo time/inversion time = 7/3/900 ms; flip angle, 8 ; in-plane resolution of 1.0 mm, and a slice thickness of 1.2 mm was performed for the automated segmentation of hippocampal volumes and for the anatomical segmentation and labelling of PiB PET images in patients who underwent PiB PET. The normalized volumes of the hippocampi were computed by combining the right and left hippocampal volumes. Each subject's high resolution T 1 -weighted MRI scan was spatially normalized to the custom template with the in-house modified anatomical labelling atlas labels and segmented into grey matter, white matter and CSF using the unified segmentation model of SPM5, giving a discrete cosine transformation. Then for each subject, inverse of this transformation was applied to warp the hippocampal regions of interest to the subject's native anatomical space to determine the grey matter volume in the segmented T 1 -weighted MRIs.
We used 3D Structural Abnormality due to Neurodegeneration maps to explore the differences between the reliable decline and reliable improvement groups. Structural Abnormality due to Neurodegeneration maps represent 3D intracranial volume and age-adjusted regional grey matter Z-score information in 92 hemispheric regions estimated using individual subject's scans relative to a bank of MRI scans from cognitively normal subjects with a similar MRI acquisition sequence and field strength (Vemuri et al., 2011) . The Structural Abnormality due to Neurodegeneration maps between the two groups of patients with DLB were compared using a two sample t-test and the significant regions at P 5 0.05 uncorrected for multiple comparisons.
C Pittsburgh compound B positron emission tomography
PiB PET imaging was performed in seven of the patients within 16 weeks of the MRI examination. Subjects were injected with PiB (average, 596 MBq; range, . Following a 40-min PiB uptake period, a 20-min PiB scan was obtained. PiB PET acquisition consisted of four 5-min dynamic frames, acquired from 40 to 60 min after injection. PiB PET image volumes of each subject were co-registered to his/her own T 1 -weighted MRI scan with the in-house modified anatomical labelling atlas labels, using a 6 of freedom affine registration with mutual information cost function. Atlas-based parcellation of PiB PET images into regions of interest was therefore performed in subject's T 1 -weighted MRI space. Partial volume correction for tissue and CSF compartments was applied using the two compartment model to remove atrophy effects PiB uptake on PET images (Meltzer et al., 1999) . Cerebellar uptake was used as an internal reference region of interest for PiB PET normalization. Statistics on image voxel values were extracted from modified Automated Anatomical Labelling atlas regions of interest. The global cortical PiB retention ratio was calculated by averaging the PiB retention ratio from the bilateral parietal (including posterior cingulate and precuneus), temporal, prefrontal, orbitofrontal and anterior cingulate grey matter regions where the average is weighted by region of interest size (Jack et al., 2008; Lowe et al., 2009 ).
Statistical analysis
We analysed hippocampal volumes after scaling them by the subject's total intracranial volume. To test for a group effect, we used analysis of covariance with reliable change group treated as the main effect, and age at the time of the baseline DRS, sex, the time from treatment to the second DRS date and field strength treated as covariates. We used contrasts to perform pair-wise comparisons of the groups. Contrasts are a method of comparing linear functions of observations, in this case, differences of group means, using F-tests. We tested for group effects in the patient characteristics using Kruskal-Wallis tests for the continuous variables and chi-square tests for the categorical variables. All analyses were performed with SAS version 9.2 and R statistical software version 2.13.2 (http:// www.R-project.org). This study was approved by the Mayo Clinic Institute Review Board and informed consent was obtained from the subjects and/or a proxy.
Results
Patient characteristics
Using a conservative psychometric method of assessing treatment response, 12 patients demonstrated reliable decline, 29 patients remained stable and 13 patients showed reliable improvement on the DRS. 
Acetylcholinesterase inhibitors
The breakdown of acetylcholinesterase use among all subjects was as follows: donepezil (n = 47), galantamine (n = 3) and rivastigmine (n = 4). Six were using concomitant memantine. The breakdown among the three subjects groups was as follows: (i) reliable improvement: donepezil (n = 13), galantamine (n = 0), rivastigmine (n = 0) and concomitant memantine (n = 2); (ii) stable: donepezil (n = 24), galantamine (n = 2), rivastigmine (n = 3) and concomitant memantine(n = 3); and (iii) reliable decline: donepezil (n = 10), galantamine (n = 1), rivastigmine (n = 1) and concomitant memantine (n = 1).
Neuropsychiatric and anti-parkinsonian medications
The breakdown of neuropsychiatric and anti-parkinsonian medications among the three subjects groups was as follows: (i) reliable improvement: mirtazapine (n = 2), citalopram (n = 1), carbidopa/ levodopa (n = 6), quetiapine (n = 3); (ii) stable: citalopram (n = 3), trazodone (n = 2), sertraline (n = 2), venlafaxine (n = 1), fluoxetine (n = 1), carbidopa-levodopa (n = 9), pramipexole (n = 2), quetiapine (n = 3), risperidone (n = 1); and (iii) reliable decline citalopram (n = 1) sertraline (n = 1), fluoxetine (n = 1), buproprion (n = 1), paroxetine (n = 1), trazodone (n = 1), carbidopa/levodopa (n = 4) and quetiapine (n = 2).
Volumetric magnetic resonance imaging findings and acetylcholinesterase inhibitor response
After adjusting for age, sex, the time from treatment to the second DRS and field strength, we found differences among the three cognitive response groups (analysis of covariance; P = 0.04). Specifically, patients with DLB with reliable cognitive improvement had larger hippocampal volumes than those that declined (P = 0.02) or remained cognitively stable (P = 0.04) (Fig. 1) .
In an exploratory analysis, we found larger grey matter volumes in predominantly the temporal and parietal lobe regions in patients with DLB with reliable cognitive improvement than those that declined (P 5 0.05) (Fig. 2) . The topographic pattern of smaller grey matter volumes in patients with DLB with reliable cognitive decline closely resembled the pattern of grey matter atrophy observed in patients with pathologically confirmed Alzheimer's disease (Vemuri et al., 2011) .
C Pittsburgh compound B positron emission tomography findings in patients with dementia with Lewy bodies
According to the typically used cut-off of 1.50 (Rowe et al., 2007; Jack et al., 2008) , both subjects with reliable decline after acetylcholinesterase inhibitors were PiB positive, whereas all three subjects with reliable improvement were PIB negative. Stable subjects also showed a similar trend. Of the two patients with stable DRS after acetylcholinesterase inhibitors, one patient was PiB positive (global cortical PiB retention ratio = 2.00) and had no change in DRS after acetylcholinesterase inhibitor treatment. The other patient was PiB negative (global cortical PiB retention ratio = 1.31) and had a DRS increase of seven points, but this increase was within the range of chance fluctuation and did not represent reliable improvement (Fig. 3) .
Discussion
This study showed that larger hippocampal volumes on MRI are associated with cognitive improvement on acetylcholinesterase inhibitor treatment in patients with DLB. Furthermore, the topography of grey matter volume loss in patients with DLB who declined compared with those who improved was consistent with the pattern of atrophy observed in patients with pathologically confirmed Alzheimer's disease (Vemuri et al., 2011) . In agreement with the MRI findings, we also found evidence that a negative PiB PET examination may indicate a favourable cognitive response to acetylcholinesterase inhibitor treatment in DLB. Many patients with DLB have both Alzheimer's disease and Lewy body-related pathology at autopsy (Galasko et al., 1994; Gomez-Isla et al., 1999; Schneider et al., 2007) . Hippocampal volumes are typically preserved in clinically diagnosed and pathologically confirmed patients with DLB (Whitwell et al., 2007; Sabattoli et al., 2008; Burton et al., 2009; Kantarci et al., 2011) . Recently, in a cohort of cases with mixed Alzheimer's disease and DLB pathology, we showed that ante-mortem hippocampal atrophy correlates with coexisting neurofibrillary tangle pathology of Alzheimer's disease regardless of the extent of Lewy body-related pathology . In this study, hippocampal atrophy and an Alzheimer's disease-like pattern of grey matter atrophy was associated with poor response to acetylcholinesterase inhibitor treatment. Furthermore, patients with DLB with a negative PiB PET scan improved cognitively on acetylcholinesterase inhibitors, whereas patients with DLB with a positive PiB PET scan tend to decline. Our findings suggest that patients with DLB with imaging features of Alzheimer's disease-related pathology do not respond as well to acetylcholinesterase inhibitors compared with those who do not have imaging evidence of Alzheimer's disease.
On the contrary, none of the DLB clinical features, demographics or apolipoprotein E status distinguished the response groups from each other. Specifically, parkinsonism severity, and presence of visual hallucinations, rapid eye movement sleep behaviour disorder or fluctuations did not distinguish between those who were more likely to improve or decline. Most patients fell into the moderate stage of dementia severity, based on their Global Deterioration Scale score and Clinical Dementia Rating sum of boxes score. The auditory verbal learning test is a neuropsychometric test for memory function that can help distinguish Alzheimer's disease from DLB because memory is usually well preserved in DLB early in the disease compared with Alzheimer's disease (Ferman et al., 2006) . As expected, the auditory verbal learning test performance was mildly impaired to low average, but did not distinguish between the groups who were more likely to decline or improve with cholinesterase inhibitors. Lower baseline DRS in the reliable improvement group is consistent with the finding that response to acetylcholinesterase inhibitors is associated with worse cognitive performance in patients with dementia (Pakrasi et al., 2003) . The reliable improvement subgroup performed worse on attention and conceptualization subscores of the DRS, which is consistent with patients with DLB having early difficulty with attention and visual perception on neuropsychological testing (Ferman et al., 2006) .
The history of acetylcholinesterase inhibitor treatment in DLB can be traced back to initial clinical trials in Alzheimer's disease. Drachman and Leavitt (1974) demonstrated that anticholinergic medications can produce memory impairment similar to dementias. Subsequent studies demonstrated decreased cholinergic neurons in the basal forebrain of patients with Alzheimer's disease (Whitehouse et al., 1982) . These findings led to the development of pharmacological agents aimed at targeting the cholinergic deficit. Tacrine is an acetylcholinesterase inhibitor that was one of the first agents to demonstrate efficacy in Alzheimer's disease (Eagger et al., 1991; Davis et al., 1992) . As studies on acetylcholinesterase inhibitors in Alzheimer's disease were published in the early 1990s, the clinical diagnoses of DLB were not well recognized during enrolment. The first consensus clinical and pathological guidelines for DLB were published by McKeith et al. (1996) In fact, the authors of one of the original tacrine trials later noted that a small number of the patients had a large response to tacrine, which drove the trials positivity, and when three of the 'responders' came to autopsy, they had DLB pathology . As DLB was increasingly recognized and diagnosed in the early 1990s, investigators made several important observations, including that the cholinergic deficit Figure 3 Global cortical PiB retention ratio images in reliable cognitive decline, stable and reliable cognitive improvement groups. The change in dementia rating scale is displayed for each of the seven patients with DLB. Note the non-specific PiB retention in the white matter in Subject 6, which does not contribute to the global cortical PiB ratio.
in DLB was greater than that in Alzheimer's disease (Forstl et al., 1993) . In addition, choline acetyltransferase, the enzyme that synthesized acetylcholine, activity is consistently lower in DLB cases than Alzheimer's disease cases . These findings led to clinical trials of acetylcholinesterase inhibitors in DLB. A randomized, double blind, placebo-controlled trial demonstrated acetylcholinesterase inhibitors improve cognition, apathy, delusions and hallucinations in subjects with DLB (McKeith et al., 2000) . Therefore, as acetylcholinesterase inhibitor trials in Alzheimer's disease were being published, knowledge of DLB was growing exponentially. It is likely that many subjects with DLB were included in the original trials, possibly accounting for some of the 'responders'. For example, the clinical predictors of response to acetylcholinesterase inhibition include hallucinations and clinical diagnoses of DLB (Pakrasi et al., 2003) . In fact, in early acetylcholinesterase inhibitor trials that used the neuropsychiatric inventory in Alzheimer's disease, hallucinations and apathy were the subscores of the neuropsychiatric inventory that improved with treatment (Morris et al., 1998; Dubois et al., 1999) . Later trials in Alzheimer's disease did not find improvement in the neuropsychiatric inventory with acetylcholinesterase inhibitors (Winblad et al., 2001) .
Investigations into the imaging predictors of treatment response in DLB have been limited. Treatment with acetylcholinesterase inhibition in a group of patients with DLB resulted in improved occipital perfusion on SPECT scans corresponding to improvement in hallucinations (Mori et al., 2006) . On MRI, the volume of the substantia innominata correlated with response to acetylcholinesterase inhibition in a cohort of patients with dementia that included patients with DLB (Hanyu et al., 2007) , but the imaging predictors of acetylcholinesterase inhibitor response were not evaluated specifically in DLB.
This study was conducted in a convenience sample and was not designed as a clinical trial; therefore, we could not compare the change in DRS with a group of patients with DLB who were not receiving treatment in a randomized setting. We used DRS reliable change indices, which allowed us to take into account measurement error and practice effect to make a more precise determination about cognitive decline versus improvement. It is important to note, however, that reliable change in a patient with DLB may be dissimilar from reliable change in cognitively normal older adults. For example, patients with DLB characteristically have fluctuations that may limit the reliability of neuropsychological testing at one point. Therefore, the range of scores for subgroups of reliable change in DLB may be wider than in cognitively normal subjects Our data showed converging evidence that patients with probable DLB, who improve on the DRS during acetylcholinesterase inhibitor treatment, have larger hippocampal volumes, less grey matter loss in temporal and parietal regions typically involved with the neurodegenerative pathology of Alzheimer's disease and less amyloid-b load compared with those who decline. Although MRI and PiB PET findings are consistent in this study, further investigation on the significance of amyloid-b load on acetylcholinesterase inhibitor response in larger samples is warranted. Further, any findings of the PIB PET imaging should be interpreted with caution because of the small sample size.
To the best of our knowledge, this study showed, for the first time, that acetylcholinesterase inhibitor treatment in patients with DLB is associated with the imaging markers of Alzheimer's disease-related pathology. Our findings may have implications on treatment planning in patients with DLB. Patients with probable DLB appear to cognitively improve on acetylcholinesterase inhibitor treatment if they do not have imaging evidence of coexisting Alzheimer's disease pathology. Therefore, imaging markers of Alzheimer's disease in patients with DLB may be critical for treatment decisions as well as planning for clinical trials in probable DLB. Although high dose acetylcholinesterase inhibitor trials in Alzheimer's disease have been disappointing (Farlow et al., 2010) , future areas of research could include testing of higher dose acetylcholinesterase inhibition in patients with DLB who do not have imaging evidence of Alzheimer's disease.
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